Association of bacteria with fungi is a major area of research in infection biology, however, very few strains of bacteria 13 have been reported that can invade and reside within fungal hyphae. Here, we report the characterization of an 14 endofungal bacterium Serratia marcescens D1 from Mucor irregularis SS7 hyphae. Upon re-inoculation, colonization 15 of the endobacterium S. marcescens D1 in the hyphae of Mucor irregularis SS7 was demonstrated using stereo 16 microscopy. However, S. marcescens D1 failed to invade into the hyphae of the tested Ascomycetes (except Fusarium 17 oxysporum) and Basidiomycetes. Remarkably, Serratia marcescens D1 could invade and spread over the culture of 18 F. oxysporum that resulted in mycelial death. Prodigiosin, the red pigment produced by the Serratia marcescens D1, 19 helps the bacterium to invade fungal hyphae as revealed by the increasing permeability in fungal cell membrane. On 20 the other hand, genes encoding the type VI secretion system (T6SS) assembly protein TssJ and an outer membrane 21 associated murein lipoprotein also showed significant up-regulation during the interaction process, suggesting the 22 involvement of T6SS in the invasion process. 23 3 50 Scarce amount of information is available about the avenues and mechanisms that permit bacterial attachment 51 and invasion into fungal hyphae. Recently, a linear lipopeptide (Holrhizin A) is discovered through genome mining, 52 which helps the endosymbiotic B. rhizoxinica during host colonization [22]. Deveau et al. (2018) has reviewed the 53 possible mechanisms employed by endofungal bacterium to invade fungal hyphae and establish physiological 54 association with their host. Involvement of type II secretion system (T2SS) was reported in Burkholderia 55 endosymbiont for active invasion of fungal hyphae [23]. Role of type II secretion system (T2SS) in bacterial-fungal 56 interaction has been critically reviewed by Nazir et al., (2017).
INTRODUCTION

25
Bacterial invasion into eukaryotic cells is one of the major areas of research in infection biology, whereby 26 they employ different strategies to invade the host cells. These interactions are highly complex, and the type of 27 interaction depends on the bacterium, host, as well as environmental factors [1] [2] [3] [4] . In the evolution of the eukaryotic 28 cell, the acquisitions of mitochondria and plastids resulting from eubacterial invasions through symbiosis were 29 138 also carried out to detect bacterial cells within the growing fungal hyphae. A bacteria free culture of each fungal strain 139 was used as control. Bacterial cells within the fungal hyphae was visualized by staining the hyphae with SYTO9 ® 140 (Life Technologies, USA) and fluorescence was detected using a Leica confocal laser scanning microscope.
141
Viability assessment of bacteria containing fungal mycelium 142 A 5 mm disc of pre-grown fungal culture was inoculated in NA+PDA medium and allowed to grow 143 overnight at 28 °C. The bacteria was inoculated on the next day adjacent to the growing edges of the fungal colony.
144
The plates were again incubated at 28 °C allowing the growth of the fungal colony over the bacterial colonies. The 145 spreading of the bacteria along the fungal hyphae was visualized periodically till 7 days. At each time point, the hyphal 146 plugs from the bacteria containing regions were picked with a sterile toothpick, placed inverted on the surface of a 147 PDA plate with or without antibiotic for 48 h at 28 °C, and scored for radial growth of the fungus. Mycelial plug from 148 a fungal culture plate lacking the bacteria was also inoculated and scored as positive control. No detectable fungal 149 growth was defined as 100% killing by the bacteria, while significant fungal growth was defined as the viability of 150 the fungal hyphae.
151
Bacterial movement in the aerial fungal hyphae 152 Solid medium containing 0.6% potato dextrose broth (PDB), 0.4% nutrient broth (NB) and 1.5% agar was 153 used to conduct this experiment. A 5 mm width of the agar was aseptically expunged through the diameter of the plate 154 and the fungal culture was inoculated on one side of the agar at a distance of 3 cm from the expunged region. The 155 bacteria was inoculated on the other side, very adjacent to the expunged region. The plates were incubated at 28 °C 156 for 48 to 96 h to allow bridging of the gap by the fungal hyphae. Bacterial movement was confirmed visually as well 7 157 as by stereo microscopy. Sampling was carried out from the bacteria containing fungal mycelium with a sterile 158 toothpick and these samples were point inoculated on NA plates and grown for 24 h at 28 °C to detect the viable 159 bacterial cells.
160
Quantification of sporulation in M. irregularis during interaction with bacteria
161
Mucor irregularis cultures were grown in PDA medium in presence or absence of Serratia marcescence D1.
162
Effect of prodigiosin, the red pigment produced by the bacterium, was also studied to unlock its role on spore 163 formation. Prodigiosin was extracted from the bacterial cells (pregrown for 48 h on NA plates at 28°C) using 1 mM 164 hydrochloric acid: acetone: ethyl acetate (1 : 2 : 3). The upper pink-red organic phase was separated after 4 h, 165 concentrated to dryness under reduced pressure and re-dissolved in chloroform. Prodigiosin was further purified using 166 silica gel thin layer chromatography (TLC) and identity of the purified prodigiosin was confirmed using Liquid
167
Chromatography-Mass Spectrometry (unpublished work). Role of prodigiosin on fungal sporulation was tested by 168 growing the fungal strain on PDA medium embedded with 100 µg prodigiosin. Bacteria treated, prodigiosin treated 169 and control cultures were incubated at 28 °C. After each 24 h of incubation, a 1 cm 2 of fungal mycelium was recovered 170 from the sub-terminal portion of the fungal colony in each plate. The mycelia were then transferred to a 2 ml vial 171 containing 1 ml saline solution. The tube was vortexed for 5 minutes and 100 µl of the suspension was mixed with 172 100 µl of lactophenol cotton blue stain (Himedia, India). Spore count was carried out using a haemocytometer under 173 100X objective of Olympus BX51 microscope (Olympus Corporation, Japan). The experiment was repeated at least 174 three times.
175
Evaluation of the effect of prodigiosin on the fungal cell membrane 176 Mycelial plug from a pre-grown culture of M. irregularis was inoculated on PDA plate and incubated at 28°C 177 for 48 h. After 24 h of inoculation, small amount hyphae were harvested and taken in a 2 ml vial containing 0.1 ml of 178 saline solution. Hyphal suspension were then treated with prodigiosin to a final concentration of 0, 500 and 1000 179 µg/ml prodigiosin solubilized in DMSO. Tubes were then incubated for 1 h at room temperature. After incubation, 180 propidium iodide (Life Technologies, USA) was added to each tube to a final concentration of 1 mM and incubated 181 for 15 min. The hyphae were then taken in a clean slide and observed under Leica confocal laser scanning microscope.
182
Primer designing for quantitative real-time PCR
183
Five genes from prodigiosin biosynthetic gene clusters were selected to study the transcriptomic changes in 184 prodigiosin biosynthesis during the interaction of S. marcescens D1 and M. irregularis SS7. Primers were designed 8 185 towards sequences of five S. marcescens biosynthetic genes to amplify target sequences ranging from 130-180 bp 186 using NCBI primer BLAST [39] . Primers were also designed for two genes that encode type VI secretion system 187 (T6SS) proteins TssJ and murLP, a gene (chiA) encoding the fungal cell wall degrading protein chitinase A, and two 188 constitutively expressed genes rpoD and gyrB encoding the RNA polymerase sigma factor RpoD and DNA gyrase 189 subunit B, respectively (supplementary Table S1 ). 198°C for 1 min. Melt curve analysis was carried out to ensure single amplification product. Expression of the target 199 genes was normalized by rpoD gene and constitutive expression of gyrB gene was also tested.
200
RESULTS
201
Screening and detection of endofungal bacteria
202
The preliminary screening and PCR amplification of the fungal metagenomes for 16S rRNA gene indicated 203 the presence of bacterial gene in seven fungal DNA samples: SS7, OR4.1, AAU-R4, AAU-R6, SC2.2, SC4.6, HB8
204
(Supplementary Figure S1 ). However, subsequent subcultures from the colony edges of these fungal isolates on PDA 205 medium eliminated the bacterial appearance from the fungal colonies except for SS7. The fungal culture SS7 was 206 detected with a pink-red pigmentation (Figure 1h ). This pink-red pigmentation persisted after sub-culturing on PDA 207 medium followed by sub-culturing in NaCl and peptone containing PDA medium. The PCR amplification of 16S 208 rRNA gene from the isolated DNA after two subsequent subcultures also indicated the presence of bacterial DNA in 209 the fungal metagenome of SS7, but not in that of the other fungal isolates.
210
The above experiment confirms the presence of bacteria in the fungal culture SS7, which was further studied Table S2 ). The bacterial pigment production was reduced in PDA, but pigment production 224 was revived when PDA was supplemented with peptone. This result suggested that some of the amino acids may be 225 crucial for pigment production which are absent in PDA medium.
226
The bacterial isolate D1 was tested against 17 standard antibiotics in Mueller Hinton Agar plates using 227 standard antibiotic disks (Himedia Laboratories, India). It was observed that the bacterium was resistant to amoxyclav, 228 ampicillin, cephalothin, oxacillin, penicillin-G and sulphatriad. However, bacterial pigment production was 229 completely inhibited by sulphatriad within its zone of action. The bacterial isolate was found to be susceptible to 230 cefoxitin, ceftazidine, chloramphenicol, clindamycin, erythromycin, gentamycin, ofloxacin, streptomycin, 231 teicoplanin, tetracycline and vancomycin (supplementary Table S3 ).
232
The FAME profile of the bacterial isolate matched with that of Serratia marcescens showing a similarity 233 index of 0.504 with Serratia marcescens GC-subgroup A. The bacterial identity was further confirmed as Serratia 234 marcescens D1 based on the BLAST percent identity score of 16S rRNA gene sequence. Finally, the 16S rRNA 235 sequence was submitted to GenBank (Accession No. MF893336.1).
Identification of the fungal isolate 237
The fungal isolate SS7 was identified based on the morphological and molecular characteristics. The colony 238 morphology of SS7 pure culture on the PDA medium was whitish and woolly in appearance in the obverse side, while 239 reverse side was yellowish. Well-developed rhizoids like structures and spherical sporangia were detected in the 240 microscopic observations. Sporangiospores were irregular in shape and size. The morphological characteristics 241 indicated the identity of the fungal isolate to be Mucor irregularis (synonym. Rhizomucor variabilis) [40] which was 242 further confirmed by the ITS sequence similarity in BLAST. The sequence was submitted to GenBank nucleotide 
249
The results suggested that the bacteria was able to spread in the culture of Mucor irregularis SS7 and Fusarium 
259
We noticed that the bacteria containing fungal culture of Mucor irregularis SS7 grew after re-inoculation on 260 PDA medium. Bacterial presence in the re-inoculated fungal culture was also observed with red pigmentation.
261
However, when the mycelial plug from the co-culture was inoculated on PDA medium containing streptomycin, the 262 bacterial presence was not detected and the normal fungal growth was observed indicating that Serratia marcescens 11 263 D1 spread over and in the mycelia of Mucor irregularis SS7 without killing the fungus (Figure 3) . The mycelial plugs 264 remained viable till 7 days of interaction.
265
In case of Fusarium oxysporum SC7.1, the bacteria containing mycelial plugs taken after 2 -7 days of 266 interaction failed to regrow in PDA medium after 48 h of re-inoculation. Due to excessive bacterial growth on the re- 
281
Prodigiosin treated plates showed similar spore count as the control culture after 48 h and 96 h, but higher spore count 282 was recorded after 72 h in prodigiosin treated plate as compared to the control plate (supplementary Figure S7 ).
283
Inhibitory activity of prodigiosin is achieved by increased membrane permiability 284
Prodigiosin showed potent inhibitory activity against fungal strains in PDA plates. Growth of the fungal 285 strains in the prodigiosin containing medium decreased compared to the control cultures, which could be observed by 286 the reduction in colony diameter. Among the tested fungal strains, Fusarium oxysporum was highly suppressed by the 287 treatment of prodigiosin. For all other tested organisms, inhibition of growth was significantly reduced to the same 288 range (supplementary Table S4 ).
289
Prodigiosin was able to increase the permeability of Mucor irregularis cell membrane. When compared with 290 control, the intensity of red fluorescence increased with increasing concentration of prodigiosin. Due to the increase 291 in cell membrane permeability, more amount of propidium iodide could enter into the hyphae that resulted into 292 increase in the red fluorescence (supplementary Figure S8 ).
293
Mechanism of interaction between Serratia marcescens and Mucor irregularis 294
Quantitative real-time PCR analysis of prodigiosin biosynthetic genes showed no differential expression in 295 the two tested conditions i.e. bacterial pure culture and bacterial fungal interaction culture. This result suggested that 296 prodigiosin production in Serratia marcescens D1 is not dependent on its interaction with fungal host. Chitinase A 297 expression was also not upregulated during interaction. These results clearly indicated that Chitinase A was not 298 involved in the invasion process. Expression levels of other chitinases of S. marcescens (Chitinase B, Chitinase C,
299
Chitinase X, etc.) were not tested in this study. On the other hand a significant upregulation of the T6SS associated 300 protein TssJ indicated the involvement of T6SS in the invasion process ( Figure 5 ).
301
DISCUSSION
302
Bacteria have immense potential to inhabit remarkably diverse ecological niches, and in many cases, they have reported fungi as a host for bacterial endosymbionts [15, 16, 41, 42] . The rice seedling blight fungus, Rhizopus 307 microsporus, and its endosymbiont bacterium, Burkholderia rhizoxinica represent a particularly noteworthy example 308 of a bacterial-fungal endosymbiosis [15, 16] . The fungus harbours bacterial endosymbionts of the genus Burkholderia, 309 which reside within the fungal cytosol. It was reported that the production of rhizotoxin, a potent cell-cycle inhibitor 310 secreted by the plant pathogenic fungus Rhizopus microsporus, is dependent upon a bacterial endosymbiont.
311
Strikingly, Burkholderia produces rhizotoxin when grown in laboratory media, establishing the endosymbiont as the 312 actual source of this key virulence factor [15] . Another report revealed that endobacteria isolated from the mycorrhizal 313 fungus Rhizobium radiobacter, exhibit the same growth promoting effects and induce systemic resistance to plant 314 pathogenic fungi in the same way that the fungus harboring the endobacteria does. Thus, it was proposed that the 315 beneficial effects for the plant result directly from the presence of bacteria [42] .
316
In our study, various fungal isolates have been screened for the presence of endofungal bacteria. We found 317 an endofungal isolate Serratia marcescens D1 residing within the hyphae of Mucor irregularis SS7. Microscopic 318 observations revealed the presence of the bacteria inside the fungal hyphae. Since the bacteria produced pink-red 319 pigment, the bacterial growth inside the fungal hyphae could be clearly observed under light microscope. To check 320 whether the bacterial cells or only pigments were taken up by the hyphae, fluorescence microscopic examinations 321 have been performed using SYTO9 ® and propidium iodide. Our observations re-established the use of these two 
327
Various strains of Serratia marcescens, a Gram negative bacteria belonging to the family Yersiniaceae, have 328 been isolated from rhizospheric soil [25, 26] and also have been reported as endophytes in different plants [27] [28] [29] .
329
However, Serratia sp. has been reported to show antagonistic activity against fungi and some of them feed on fungi 330 by forming biofilm around the fungal hyphae that ultimately result in hyphal death [30, 31] . But the endofungal lifestyle 331 of this bacterial species has not been reported earlier.
332
We have tested the efficiency of the bacterial isolate to migrate and invade the hyphae of different fungal 333 strains belonging to different taxonomic groups. We observed that, the bacterial isolate was unable to migrate along 334 the hyphae of the tested Ascomycete and Basidiomycete (except Fusarium oxysporum). On the other hand, the 335 bacterium was able to invade and migrate along the hyphae of Mucor irregularis, a member of Zygomycete. It is well 336 known that Zygomycete fungal cell wall is composed of a special type of polysaccharide chitosan [43] , which is a 337 derivative of chitin, the general polysaccharide found in Ascomycete and Basidiomycete cell walls. A study on 338 endosymbiotic bacteria Burkholderia rhizoxinica revealed that a type II secretion system was responsible for release 
341
Our bacterial isolate was unable to spread along the hyphae of the tested Ascomycota fungi (except Fusarium 342 oxysporum). Serratia marcescens was previously reported to spread over Zygomycete Rhizopus oryzae, but not over 14 343
Ascomycete (Aspergillus sp.) in a chitinase independent manner [31] . Some adhesion factors are thought to be 344 responsible for attachment to the fungal cell wall. The physical contact must occur between the bacterium and the 345 fungus that may be dependent upon these factors [44] . Few fungal species/phyla may also produce surface or secreted 346 defense factors that interfere bacterial adhesions [31] . Bacterial attachment and invasion may occur only in those fungi 347 that possess these adhesion factors on the surface of the hyphae or lack the defense factors. In our experiments, we 348 observed that Serratia was able to migrate through the fungal hyphae aerially, only after coming in contact with the 349 fungal hyphae. No sign of chemotaxis was detected for the bacterial isolate indicating the contact dependent binding 350 of the bacteria to the host hyphal surface.
351
In contrast to the other Ascomycete, Fusarium oxysporum allowed the spreading of the bacterium over its 352 mycelia. The bacteria was able to spread, invade and kill the F. oxysporum hyphae on solid medium. The viability of 353 infected hyphae was lost after infection with the bacterium, suggesting strong antagonistic activity of the bacterial 354 isolate against Fusarium oxysporum.
355
We have isolated a pink-red pigment prodigiosin, which has been reported to show several bioactive 
362
Quantitative real-time PCR revealed same level of expression for all the tested prodigiosin biosynthetic genes 363 in both control and interaction cultures. As prodigiosin was produced in both bacterial pure culture and bacterial fungal 364 co-culture, it indicated that prodigiosin production is not dependent on the interaction process. Although, it may have 365 crucial role in the invasion process through pore formation in the plasma membrane. Involvement of prodigiosin along 366 with chitinases were previously reported during antagonistic activity of Serratia marcescens against fungal pathogens 367 [50] . Chitinase and other chitinolytic enzymes secreted by type II secretion system were reported to be involved in the 368 invasion of fungal hyphae by Burkholderia sp. [23] . In our study, the expression level of chitinase A was using qRT-369 PCR. The results indicated that there was very low expression level of chitinase A in both control and interaction 370 cultures. These results confirmed that the interaction process is chitinase A independent. Chitinase A independent killing mechanism of Serratia marcescens was described by Hover and co-workers [31] , where the bacterial cells 372 bound and spread over the hyphal surface by biofilm formation. However, we do not deny the involvement of other 373 chitinases of S. marcescens in the interaction process, which were not tested in the present study.
374
We have studied the involvement of other secretion machineries in the fungal invasion by S. marcescens D1.
375
Comparative genome analysis of Serratia marcescens revealed that the type VI secretion system is abundant among 376 various strains [32] , which is used to target other bacterial competitors [33] . The T6SS effectors to antagonize fungal 377 pathogens has also been reported in S. marcescens [51] . In our study, the expression of transcripts for TssJ, an outer 378 membrane protein involved in the T6SS assembly, and an outer membrane murein-lipoprotein were tested for their 379 relative expression during bacterial pure culture and bacterial-fungal interaction culture. Significant up-regulation of 380 these two proteins indicated the involvement of T6SS in the invasion process. Mutation based approaches are needed 381 to elucidate the actual role of T6SS in the invasion process.
CONCLUSION
383
Based on our findings, the interaction between Serratia marcescens D1 and Mucor irregularis SS7 could be 384 regarded as a balanced antagonism, where the endofungal bacterium live inside the fungal hyphae without showing 385 lethal effect. This study may be considered as the first report to demonstrate the endofungal association of S.
386
marcescens. Further study on the molecular mechanisms employed by its fungal partner may reveal the unsolved 387 queries why and how this fungus is allowing the bacterium to live inside its hyphae. 
